From a game theoretical perspective, a prerequisite for an international fishery agreement (IFA) to be stable is that parties expect their benefits from joining the agreement to exceed the benefits from free riding on the agreement, and parties only comply with the agreement as long as this is true.
Introduction
Debates about the use of common resources are everlasting. In the literature on shared fishery resources the debate dates back to Warming (Warming, 1911) , who, in his original contribution, debated the problem of what was later called open access. More widely known is the manuscript by Gordon (1954) dealing with same type of problem. If the rights to use the commons are too widely distributed, it often results in the tragedy of the commons; for example, if herdsmen share a common grazing field for their cattle, the common use of the grazing field results in over-use due to the conflict between private and common incentives. In fishery the problem is all too familiar. Here there are two levels of conflicts, i) the nations trying to secure the fishery resources for their fishermen and ii) the fishermen competing for the resources the nation has secured or fishermen competing for resources not allocated to any nation. In this paper we address the nation level i only.
Debates over the rights to shared fishery resources are still ongoing. A recent example from 2014 involves a general fishing moratorium on fish in the central Arctic Ocean, which due to the melting ice will become accessible. The agreement was made among the five nations surrounding this ocean. This endeavor of nations to secure resources at sea began after the Second World War, where several states attemptedunilaterallyto secure fishery resources by extending their territorial limits at sea outside the 3 nautical mile zone (later 12 nautical mile zone).
Many attempts to reduce the conflicts over shared resources have been made. The most significant conference, convened by the United Nations (UN), to regulate the use of the oceans lasted from 1973 to 1982 and resulted in an agreement called the United Nations Convention on the Law of the Sea (UNCLOS), (United Nations, 1982) . The UN convention from 1982 establishes the 200 nautical mile exclusive economic zone (EEZ), which is considered as a major step towards establishing property rights for shared resources. Because 90% of the fisheries were in the hands of the coastal states at that time, the dominant belief was that the EEZs would not lead to conflicts between these coastal states and would thereby prevent the depletion of fish stocks. However, this has proven to be far from the truth (Munro, 2008) . The disputes about management of straddling stocks, in many cases resulting in overexploitation, remained unsolved. First, stocks migrating through more than one EEZ and the high seas became a subject of conflict between the fisheries nations. Second, the remaining high seas became a place to fish unregulated for those fishery nations with insufficient fish resources in their EEZs. It became clear that the management of the straddling fish stocks was not acceptable. Therefore, in 1995, the UN negotiated another agreement to supplement and strengthen the UNCLOS, called the 'UN Fish Stocks Agreement' (UNFSA) (United Nations, 1995; Bjørndal and Munro, 2003) . The UNFSA facilitates agreements among all parties with a real interest in the fisheries on the management of straddling stocks through regional 3 fisheries management organizations (RFMOs) (United Nations, 1995; Bjørndal and Munro, 2003) .
Today, many RFMOs exist, of which several predate the UNSFA; e.g., the North-East Atlantic Fisheries Commission (NEAFC), the Northwest Atlantic Fisheries Organization (NAFO), and the International Commission for the Conservation of Atlantic Tunas (ICCAT). The membership of the RFMOs typically consists of the coastal states in the respective area and certain distant water fishing nations that do not have coastal state status but may have a history of fishing certain species.
Despite the UNFSA there are, when it comes to the cooperative management of straddling fish stocks under RFMOs, still issues left unsolved (Munro, 2007) . One such issue, often referred to as the new member problem (Kaitala and Munro 1997; Pintassilgo and Duarte, 2000) , is the problem International agreements are rooted in traditional cooperative game theory and are based on the first-best solution with an overarching aim of full rent maximization. This is an intriguing thought, but methodologically and theoretically it requires a transferable utility game (TU game) where sidepayments among the parties are allowed. The TU coalition game approach, however, can still be an efficient tool for finding a fair way to share the resource such that all players are satisfied and do not have incentives to free ride on the agreement . This may be a tool for the sharing of total allowable catches Kronbak and Lindroos, 2013) .
From a game theoretical perspective, one prerequisite for an international fisheries agreement to be stable is; the parties expect their benefits from joining the agreement to exceed the benefits from free riding on the agreement, and the parties only comply with the agreement as long as this is true.
The agreement, therefore, builds on each party's expected payoff from the exploitation of the resource, and thus implicitly builds on similar expectations of the ecological condition of the natural resource. Typically, the game theoretical models assume that all parties have the same, often perfect, information of the resource and that the exploitation is an equilibrium use of the stock. As described by experts of natural science, like the ICES 1 , the fish ecology still has many open questions, e.g.
The Case of the Northeast Atlantic Mackerel
The Northeast Atlantic (NEA) mackerel is an economically important species in the pelagic fishery of many coastal states in northern Europe. It has been exploited for decades, and the EU and Norway have shared this stock since the 1970s, while in particular Russian vessels have exploited the stock in Faroese waters since the 1980s. In 2000 the coastal states of the EU, Norway and the Faroe Islands implemented an agreement on the sharing of harvest in the NEA mackerel fishery.
The agreement was made in the realm of the NEAFC, and as a member state of NEAFC Russia receives a smaller share (5%) in the international area. The Faroese were allocated 5% of the total quota, while the EU and Norway shared the remainder of the quota, with an approximate 70% share for EU and 30% share for Norway. This agreement was stable and re-negotiated with the same percentages for a couple of years. However, in 2007 the migration pattern of the mackerel stock changed; unprecedented the stock entered the Icelandic EEZ. The Icelanders began fishing the mackerel in significant quantities starting in 2008 (Ellefsen, 2013) . The Icelanders were invited to the negotiations concerning the 2010 fishery quotas. Still the parties did not reach an agreement, and the Faroe Islands, as they were no longer satisfied with their share of the total stock, left the existing 2000 agreement, while the EU and Norway entered a bilateral agreement. After four years of meetings 2 a three-party agreement on the mackerel between the EU, Norway, and the Faroe Islands was signed in March 2014. Due to disagreements on how to share the harvest of the mackerel stock, Iceland was not a coalition partner in the agreement. Yet another issue has come up since 2013: Greenland has entered the fishery and is harvesting fairly large amounts of the mackerel (expected 100,000 tons in 2014). The existing harvest of the stock by the original coastal states in combination with the fishing activity of Iceland, and lately Greenland, implies that every year since 5 2008 the mackerel harvest have been well above the level recommended by the ICES biologists (ICES, 2012), as illustrated in Figure 1 .
However, due to uncertainties about the ecological conditions, the biologists have recently abolished their former biological model (ICES, 2013) , resulting in the total allowable catches (TAC) for 2014 having been raised substantially. 3 Implicitly this raises the question whether the biological information for the preceding years has been accurate, with a sudden major increase in the biomass or the biomass have been underestimated in preceding years (ICES, 2014) . Mackerel fishery is seasonal due to an annual migration pattern. The mackerel begins its annual migration by spawning west of Ireland in the spring and then travels north to the Faroe Islands (starting in 2007, it also began traveling to Iceland) in the summer to grow. Next, it travels to the Norwegian coast and northeastern EU waters in the fall, where it is most valuable and easily accessible. Finally, the mackerel returns to the waters west of Ireland in late winter. This is known as the 'migration triangle' 4,5 ( Figure 2 ). The stock biomass and the migration patterns in different periods are illustrated in Figure 2 . Sources: ICES (2012); Ellefsen (2013) .
While the agreement broke down in 2010 due to changes in migration patterns (an increase in the triangle in Figure 2 ), it is still uncertain whether this change in migration is temporary, for instance stock dependent, or permanent, for instance due to exogenous more permanent changes. If the stock availability in Icelandic waters is only due to high abundance of the mackerel (above 3.5 million tons, marked with the dashed line in Figure 2 ), the change in migratory pattern is considered to be of temporary character. If the change in migration pattern is due to longer lasting exogenous changes, such as for example climate change, the change is considered to be of more permanent character. This implies that there are different interpretations of the migration pattern, and parties may have different views on the future state of the stock, which highly affects their threat points in the negotiations. These two-sided explanations are also reflected in ICES (2012), which predicts that the recent change in the migration pattern is most likely due to the larger biomass stock coupled with other reasons, such as changes in the physical environment and the zooplankton concentration and distribution.
Model and Methods
The population dynamics for the mackerel are described using a discrete-time age-structured model.
The number of fish is given by
( 2) where i={0,1,2,…12} are the classes of mackerel, R t is the recruitment in year t, F t is the fishing 7 mortality rate in year t, s i is the selectivity parameter with respect to age class, and M i is the natural mortality rate. The initial N i,0 estimates are based on data from ICES (2010) and given in Table 1 .
According to the ICES report (2008), the hockey stick recruitment function is used, and is given by:
where SSB t is the spawning stock biomass and SSB break is the kink on the elbow of the hockey stick function. The spawning stock biomass is given by:
and m i is the mature part (maturity ovary) of the year class i, and w i is the stock weight of year class i.
Following the Baranov equation the yield (harvest) is given by:
where W i is the weight in the harvest, M i is the natural mortality rate and s i is the selectivity in the fishery. Initial sizes for above parameters are given by ICES (2010) for the year 2010 in Table 1 . Source: ICES (2010).
Game Setting
The fishery of the mackerel stock is considered to be performed by two groups of nations, referred to as parties or players: The larger party consisting of EU countries, Norway, and the Faroe Islands, and the smaller party consisting of Iceland. Due to the development in the migration pattern of the stock, as illustrated in Figure 2 , the larger party has been involved in the fishery for decades, while the smaller party has only had access to the stock in recent years. Therefore, the larger party is referred to as the incumbent and the smaller party as the entrant. Mason and Polasky (1994) addressed the entry deterrence issue in a renewable resource management setting. In their setting, there is a sole exploiter of the resource, who is worried about the potential entry of a new exploiter.
The incumbent fisherman promotes an active entry deterrence strategy by increasing present harvest levels; this strategy would reduce the likelihood of future entry, which would, in turn, reduce future rents for the incumbent. The setting in our paper is quite similar, but instead of being able to deter entrants on the basis of price levels, the deterrence is based on the stock dynamics, and an agreement therefore depends on the perception of the ecosystem.
To reflect the uncertainties in the availability of the North-East Atlantic mackerel, two possible scenarios are conjectured in this paper. The two scenarios are referred to as a temporary or a permanent change. The two scenarios are defined based on the availability to parties involved in the fishery:
Temporary Change. In this scenario, the migration pattern is assumed purely stock dependent, and, since changes in stock size will change the migration pattern, the migration pattern is of a temporary character. It is assumed that the stock is continuously in incumbent waters while only enters entrant waters temporarily when the stock is above a certain limit. In the case of the North-East Atlantic mackerel this happens when the stock is above 3.5 million tons as illustrated by the dashed line in Figure 2 . 6 Permanent Change: In this scenario, the change in migration pattern is assumed to be of a permanent character, not connected with the stock size but caused by exogenous permanent factors, like for example climate change. The permanent character implies that the stock, independently of stock size, is continuously available in both the incumbent's and the entrant's waters.
The benefit, i.e. the resource rent, from the fishery to the player ∈{entrant, incumbent} at time t, is defined as:
where p is the landed value, measured in unit price per weight, of the mackerel, and c j represents the unit costs of applying one unit of fishing mortality. The unit price is based on Nielsen et al. (2010) , and the cost parameter is calibrated such that the total costs of fishing in 2010 were approximately 50% of the revenue in 2010, when the model is solved. The cost function suggests the costs is proportional with fishing mortality. In the appendix there is a discussion of the cost function together with the below analysis run under the assumption of costs being proportional to harvest.
We run a simulation model in Matlab by MathWorks ® for a time period of = 50 years, which is a sufficiently long time horizon to ensure equilibrium and to be a proxy for an infinite time horizon, under the two different scenarios of the migration of mackerel stock. Based on a simultaneous move game and subject to the joint resource constraint, each group of nations is expected to maximize the present value of the fishery:
10 where δ is the social discount rate. 7
In the game theoretical literature applied to fisheries, there is a tendency to assume that the players admit to only adhere to one strategy for the whole simulation period (Sumaila, 1999) . In this paper, this assumption is relaxed by allowing players to change strategy during the game. More specifically, the incumbent player can have different fishing mortalities depending on whether the entrant is in the game or not. Likewise, the entrant can have different fishing mortalities, but without loss of generality it is assumed that the fishing mortality for the entrant is zero if the stock is not available within its regional zone and positive if the stock is in the regional zone (i.e., the stock size is exceeding the temporary limit, which for mackerel is 3.5 million tons). Table 2 illustrates the game setting defined by different strategies to the different ecological states in the two scenarios. 
We assume that the entrant cannot have a fishing mortality rate above 0.05 per year because of lack of access to a larger share of the stock. Thus, in this simulation model there are two players when the stock is above 3.5 million tons and only one player when the stock is below 3.5 million tons.
Given these conditions, the optimal fishing mortality for both players for all periods is determined in a competitive Nash equilibrium, where each player adopts its mutually best response, and in a cooperative solution, where the global rents from the fishery is maximized. The applied parameter values for maximization are summarized in Table 3 . 7 It is, without loss of generality, assumed that the players face the same social discount rate. One could argue that the incumbent is likely to be more farsighted than the entrant (δ incumbent <δ entrant ), but this would not change the overall conclusion of the paper. 
Results
The model is simulated over a sufficiently long time horizon (50 years) to ensure that a steady state is reached. Figure 3 demonstrates the biomass and harvest for different parties under different ecological scenarios and management regimes (e.g., Nash or cooperative). The biomass and harvest development under cooperative management is the same for both scenarios because the stock dynamic is independent of the scenarios and, under a cooperative management, players act as one unity. Hence it does not mater which player lands the harvest. The consequences for the biomass stock under the different scenarios are: that a cooperative solution leads to higher biomass than under Nash solutions, and the Nash equilibrium in the temporary scenario demonstrates higher biomass than the Nash solution in the permanent scenario. The explanation behind this can be found in the harvest data illustrated in panel B in Figure 3 ; in the permanent scenario there is a situation where, because the mackerel is always in Icelandic waters, the players have to harvest the fish before each other. It leads to the largest total harvest, shared between the players. However, the corresponding biomass (panel A) is relatively low, around 3.3 million tons, and this leads, despite the large harvest, to a low total economic outcome. The economic outcome is low because of lower production in the population and higher cost of fishing caused by low density of fish. The permanent scenario illustrates the traditional tragedy of the commons, where parties, not considering the total economic outcome but instead maximizing their own individual rent, degrade the resource.
In the temporary scenario the entrant will, after 5 years, have no harvest left as shown in panel C of Figure 3 . The reason behind this can be seen in panel A as the biomass settles around 3.5 million tons, and hence the incumbent controls the migration of the mackerel by fishing such that the stock is just at the threshold for migration. By this, the incumbent can deter the entrant from any harvest, and the incumbent remains in the fishery without competition as long as the stock is kept low. The best response for the incumbent party is, therefore, to fish such that the stock biomass remains exactly below the limit where the stock migrates into Icelandic waters, and the best response for the entrant is to fish as much as possible and as soon as possible, to maximize benefits in the period 12 when the stock is available. This leads overall to a higher biomass stock than under the permanent scenario, a slightly lower total harvest, but lower cost of fishing; resulting in a better total outcome than under the permanent scenario.
Under the cooperative management there is no difference in whether the change is of permanent or temporary character. The harvest is lower than under the Nash solution; however, the biomass is higher, which leads to a lower cost of fishing. The cooperative management is, therefore, first-best in economic rents. The difference between the total economic outcome in the cooperative and temporary scenario is not that large, as the incumbent can maximize the outcome if they keep the stock small enough to deter the entrant from fishing. The total rents from the fishery under the two scenarios, comparing cooperative management and Nash behavior are summarized in Figure 4 , where the left-hand panel assumes the permanent scenario and the right-hand panel assumes the temporary scenario. In each panel the right box shows the outcome for each of the players under a Nash game, and the left box shows the total outcome under cooperative management. The cooperative solution, where global rents are maximized yields first-best outcome. There is no difference in the cooperative solution whether the stock is facing a temporary or a permanent change since the overall objective is unchanged and costs are unchanged with the location of the stock. Also, as expected, the total rents in the noncooperative game under the temporary scenario exceed the rents under the permanent scenario since the strategies adopted demonstrate a more conservative exploitation of the stocks. The allocation of rents between incumbent and entrants differs significantly in the two scenarios. This is due to the fact that under the temporary scenario the incumbent player has an entry deterrence possibility. This means that the entrant is only part of the game when the stock level is high, as has been the case in recent years, and hence is deterred from harvesting in the subsequent years. The more conservative nature of the incumbent's strategy implies higher rents, as also illustrated in Figure 4 . Under the permanent scenario, there is a less conservative nature of the strategies and rents occur to both parties throughout the entire time horizon. Hence, the entrant prefers the permanent scenario, while the incumbent prefers the temporary scenario. where the outcome from the cooperation are to be shared by agreement, each player will not accept less than under the Nash solution; the light and dark grey boxes in Figure 5 . Hence, the two parties'
Nash rents can be regarded as the their individual threat points for joining a cooperative solution.
The residual of the cooperative rents, illustrated as the black area, are thus the excess benefits or surplus from cooperation, which can be used for sharing under the negotiation of a joint solution. If the two parties agree about the state of the stock, for example which scenario the stock follows, the two scenarios can be regarded independently, and the conclusion is that there is a likelihood of obtaining a stable, high rent-generating outcome in the fishery. If, however, parties are of different opinions about the ecological state of the stock, for instance which scenario the stock follows, the conclusions are far more pessimistic. Figure 5 demonstrates 15 cooperative solution to the problem if incumbent believes that the change in migration pattern is of a temporary character, while the entrant believes it is of a permanent character. The expected outcome for each player will, with different views on the ecology, sum to more than the cooperative solution. This can be seen by the dark grey box on the left-hand in Figure 5 , overlapping the light grey box on the right-hand. There is then no way a negotiation can ensure that players are better off than under the Nash game. With different views about the ecology of a fish stock a cooperative solution can thus be very difficult to achieve. 16 views on the ecology, sum to more than the cooperative solution ( Figure A2 ) and the conclusion remains unchanged; namely a negotiation cannot ensure players are better off than under the Nash game.
Stochastic Recruitment
The presented model applies the deterministic Hockey-stick recruitment (equation (3)) for the mackerel stock. Due to the uncertainties on the type of stock-recruitment relationship, and to the existence of a stock-recruitment relation at all, (Hannesson, 2012) estimations are re-run using a stochastic recruitment function with a simulation that runs 200 times. The stochasticity allows for an analysis of likely probabilities for future development. A normal distribution is used for the recruitment, and it is assumed that the average recruitment is the same as it has been for the past 40
years. Furthermore, the standard deviation is also the same as the historical deviation. The rents of the fishery for both the entrant and the incumbent are compared to the previous model for a period of 50 years. Only the temporary change scenario is considered in the case of the stochastic recruitment.
The entrant only has incentives to start fishing when the mackerel is available in their EEZ, and the incumbent has incentives to -if possible -deter the entrant from fishing. Whenever the stock size is below 3.5 million tons, the fishing mortality of the incumbent is the rent maximizing fishing mortality rate of 0.1648 per year. When the stock size is above 3.5 million tons, the entrant applies the maximum fishing mortality rate of 0.05 per year, while the incumbent has a variable fishing mortality rate in the range of 0.09 to 0.30 per year. Based on this, the rent maximizing fishing mortality for the incumbent results in an equilibrium biomass just below 3.5 million tons. Thereby, it is likely that, with stochastic recruitment, ensruing the rent maximizing fishing mortality means that the stock exceeds the threshold and enters the entrant's waters from time to time. When there is no agreement between the incumbent and the entrant (as was the case in April 2014), the most profitable strategy for the incumbent is to employ a fishing mortality rate of 0.16 per year in addition to the entrant's fishing mortality rate of 0.05 per year when the stock is high. This
implies that the likelihood of the mackerel entering Icelandic waters is around 80% leading to a lower rent for the entrant. If the fishing mortality rate of the incumbent is raised to 0.3 per year, the likelihood of the stock entering Icelandic waters drops to below 40%, while the rent is reduced significantly for the entrant, with a much less significant drop in rents for the incumbent.
The model builds upon the assumption of a fishing mortality rate of 0.05 per year for the entrant.
With a higher fishing mortality, e.g. in 2014, Greenland is also an entrant. This lowers the stock and decreases the likelihood of the stock entering Icelandic/Greenlandic waters, still assuming that this is a temporary migration change. Also, the model with stochastic recruitment builds upon a static fishing mortality rate assumption for the incumbent when the stock is below 3.5 million tons. 18 Another strategy to be considered is that the incumbent raises the fishing mortality rate when the stock is below 3.5 million tons. This would imply lower rents for incumbents, but on the other hand also lower likelihood for the stock to enter Icelandic waters.
Discussion
The paper demonstrates how diverging views on the ecosystem can lead to the breaking down of management agreements. This is also true in cases where there is a possibility for economic improvement for both parties with an agreement, compared to the Nash equilibrium when scenarios are regarded in isolation. The problem is that when the different views are combined, the possibility of entering agreements with economic improvements to both parties can vanish.
The results are demonstrated through empirical application to the North-East Atlantic mackerel, where disagreements about the migration pattern are likely to cause a collapse of negotiations among some of the fishing parties. The disagreement involves different views about a temporary and a permanent change in the migration pattern. Our analysis shows that disagreements regarding the ecology of the fish population can render negotiations for international fisheries agreements impossible. The result of failing to reach an agreement is that the nations will apply a higher fishing pressure than under an agreement. This results in some periods of extremely high fishing pressure because a demonstration of the potential of high fishing pressure is an argument in the negotiations.
The higher fishing pressure due to the lacking agreements leads both to stress on the fish stock and a lower combined economic outcome. Hence, the breakdown of agreements implies a pressure on both the fish stock and the economic welfare.
In the temporary scenario the incumbent is deterring the entrant from fishing by fishing so that the mackerel does not enter the entrant's waters. Hence, instead of traditional entry deterrence based on rents, the entry deterrence is based on the stock dynamics. From the industrial organization literature, it is known that entry deterrence reduces welfare because the incumbent can continue its monopolistic behavior if the entry deterrence is successful. For renewable resources, this situation is quite different because the welfare-maximizing level of output is not the fully competitive situation (which is equivalent to an open-access situation). Additionally, the sole owner cannot influence the price and is therefore not a monopolist in a traditional sense. If entry deterrence suppresses the total harvest below the open access level, then the effect on the total welfare is ambiguous. On the one hand, lower harvest imply higher resource rents. On the other hand, the restricted competition means that the industry is less dynamically efficient.
The presented model builds upon a static view of nature, which could be referred to as an either/or presentation of scenarios, involving only a single species. We acknowledge the uncertainty in the The model is limited to fixed economic parameters over the estimated time horizon. It may be argued that this is not a reasonable assumption, but it is outside the scope of this paper to analyze the consequences of technological progress or economic development of price levels.
We demonstrate that uncertainty regarding the migration pattern of the fish can lead to the breakdown of an international fishery agreement. The spontaneous reaction to this conclusion could be to advocate for more research into the ecology of the fish population. However, we do not see this as a solution. The standard fishery agreements, like the one for the North-East Atlantic mackerel, will normally be based on a fixed sharing rule of, for instance, a total allowable catch set by the ICES. Implicitly, this assumes that the ecology of the fish population is static. Contrary to this we see the ecosystem be populated by a dynamic community of fish populations. The dynamic of this community with respect to both population dynamic and migration pattern is unpredictable on the medium and the long-term term. It seems inappropriate to base international agreements on a property that is highly variable since this involves the implicit assumption that it is fixed.
Alternatively, our suggestion must be to form the agreements on other properties that are more stable. Therefore, we advocate research that attempts to pinpoint the properties of the marine ecosystems that are stable enough to form the basis for sharing rules for long-lasting international agreements.
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Appendix -Costs of fishing
Cost functions are not easily determined, and there are no empirical data available for this specific fishery. As an alternative approach, we examine different cost functions that have been used in the literature for this type of schooling fisheries in the North-East Atlantic. In studying the mackerel, Kennedy (2003) introduces a cost function for the mackerel based on the production function
where E is effort, X is the stock, and a and b are parameters. Costs are assumed to consist of constant unit costs of effort, called c, giving a total cost of
In Kennedy (2003) , the parameter a is assumed to be either 0.6 or 0.8. < 1 indicates a production function (A.1) with decreasing returns to scale. This is to be expected if the fleet is already fully employed and the effort has to be increased without allowing new vessels into the fishery. However, if the fishing capital market is flexible and there is underutilized capital available, adding or deducting vessels from this fishery should only scale the production function. We assume a flexible market with available fishing capital and therefore assume = 1.
The parameter b reflects the degree of schooling. One extreme is full schooling such that = 0; the other extreme is an equal density distribution of the stock such that = 1. The Kennedy (2003) article uses b values of 0, 0.6, or 1. Other empirical approaches for estimating a cost function for a schooling fishery in the NEA relate to the Norwegian Spring Spawning (NSS) herring fishery. Bjørndal and Gordon (2000) have estimated a cost function for the NSS herring fishery, which is also applied in Bjørndal et al. (2004) . This type of cost function is dependent only on the harvest and not on the stock; thus, it assumes a full schooling fishery, corresponding to = 0 in equations (A.1) and (A.2). Arnason et al. (2000) also examine the NSS herring fishery, and they assume a full schooling fishery; however, they also introduce a parameter to account for the distance to the fishing fields when determining the costs. The present paper does not consider the distance component, as the cost of traveling a distance is not a significant part of the cost of fishing in the NEA mackerel fishery (source: personal communication with Tórheðin Jensen, June 2009). Finally, some studies examine the NSS herring fishery and specify costs as a function of only F (fishing mortality rate), corresponding to = 1 in equations (A.1) and (A.2) (e.g., Rahikainen et al., 2013) .
This brief overview of applied cost functions in schooling fisheries in the NEA makes it clear that there is a wide variety of cost functions that can be used to describe a pelagic schooling fishery. 
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In the main article we have used the case where = 1. To analyze if this specific choice of parameter affects the conclusion of the article, the model is here run with the parameter set at the other extreme to = 0. In both cases the cost function is calibrated by setting the variable c such that the total costs of fishing in 2010 were approximately 50% of the revenue. This calibration is in line with what has been found to be the resource rent in the NEA pelagic fishery (Nielsen et al., 2010) .
The results of the sensitivity analyzes is presented in Figures A1 and A2 
